We have prepared hybrid materials of azobenzene and chiral Schiff base Ni(II), Cu(II), and Zn(II) complexes and investigated their linearly or circularly polarized UV (ultraviolet) light-induced supramolecular orientation with polarized electronic and IR spectra or CD (circular dichroism) spectra. The experimental FT-IR (Fourier transfer-infrared) spectra of azobenzene molecules were recorded at room temperature, and the results were compared with quantum chemical theoretical values using B3LYP, M052X, and M062X DFT (density functional theory) methods. The interaction of azobenzene with PMMA was simulated. Molecular geometry, vibrational wavenumbers, and thermodynamic parameters were calculated in all these systems. With the help of specific scaling procedures for the computed wavenumbers, the experimentally observed FT-IR bands were analyzed and assigned to different normal modes of the molecule. Most modes had wavenumbers in the expected range, and the error obtained was in general very low. Several general conclusions were deduced.
INTRODUCTION
As a component of photofunctional organic/ inorganic hybrid materials, azobenzene (AZ), a typical photochromic dye, is a molecule of great interest at present. Therefore, many theoretical studies using ab inito, DFT, and molecular dynamic methods have been reported, together with spectroscopic studies of the ground and excited states [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . One of the advantages of these hybrid materials may be that it is possible to introduce the optical function of photofunctional organic compounds to non-photoactive inorganic metal complexes showing attractive electronic properties or functions [19] [20] [21] [22] .
In this context, we have developed light-induced molecular orientation and supramolecular chiral ordering by irradiating polarized UV light to photofunctional hybrid materials containing the photoresponsive molecules and metal complexes in polymer film [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . We have tested various conditions of complexes, azo-dyes, and light irradiation. For example, we synthesized organic/inorganic hybrid materials composed of chiral Schiff base Co(II), Ni(II), *Address correspondence to this author at the Department of Chemistry, Faculty of Science, Tokyo University of Science, 1-3 Kagurazaka, Shinjuku-ku, Tokyo 162-8601, Japan; Tel: +81-3-5228-8271; E-mail: akitsu@rs.kagu.tus.ac.jp Cu(II), or Zn(II) complexes and AZ in polymethyl methacrylate (PMMA) cast films and observed linearly or circularly polarized light-induced molecular orientation [33] by means of polarized electronic (UVvis) or IR spectroscopy [34] . By carefully neglecting solid-state artifacts, CD spectroscopy may be effective in observing chiral components separately [35] [36] [37] . Thus, if it is possible to create functional materials that can control the various functions of inorganic metal complexes via light or their physical (spatial) information, such materials will be desirable for the production of new devices.
However, polarized UV-vis spectra are not able to individually observe each component for the following reasons: (1) there is overlap of the -* and n-* bands of the AZ and complexes and (2) the Zn(II) complex has no d-d-band. Therefore, IR spectroscopy was employed for the selective observation of C=N bands of complexes and N=N bands of AZ as composites in PMMA films. Using TD-DFT calculations, theoretical interpretation of IR spectra on the basis of normal vibration is required for reliable assignment of the IR spectra.
groups results in enhanced intermolecular interaction with the PMMA matrix [38, 39] . The molecular design aims to induce supramolecular orientation by linearly or circularly polarized UV light irradiation. In addition, using normal mode AZ analysis in PMMA film (not in the gas phase) and simulated IR spectra of the complexes by TD-DFT calculation, we could individually observe components in the hybrid material. To the best of our knowledge, this is the first attempt at selective interpretation of induced molecular orientation after polarized UV light irradiation. 
METHODS

General Procedures
Chemicals of the highest commercial grade available (solvents from Kanto Chemical, organic compounds from Tokyo Chemical Industry, and metal sources from Wako) were used as received.
Preparation of bis(N-2-hydroxy-1-phenyl-3,5-dibromosalicydenaminato)nickel(II) (Ni)
To a solution of 3,5-dibromosalicylaldehyde (0.2799 g, 1.000 mmol) dissolved in methanol (50 mL), (R)-( )-2-phenylglycinol (0.1372 g, 1.000 mmol) was added and stirred at 313 K for 2 h to give a yellow solution of the ligand. Nickel(II) acetate tetrahydrate (0.1246 g, 0.5000 mmol) was added to the resulting solution to give a green solution of the complex. After stirring for 4 h, this crude green compound was filtered and recrystallized from methanol. 
Physical Measurements
Elemental analyses for C, H, and N were conducted using a Perkin-Elmer 2400II CHNS/O analyzer at Tokyo University of Science. Infrared (IR) spectra were recorded as KBr on a JASCO FT-IR 4200 and spectrophotometer equipped with a polarizer with a range of 4000-400 cm 1 at 298 K. Absorption electronic (UV-vis) spectra were measured on a JASCO V-570 UV/VIS/NIR spectrophotometer or a JASCO V-650 UV/VIS spectrophotometer equipped with a polarizer with a range of 800-220 nm at 298 K. Photo-illumination was performed using a lamp (1.0 mW/cm 2 ) with optical filters (UV = 200-400 nm). Thus, a sample was produced using optical fibers and a polarizer through optical filters. Angles of polarizer denote the direction of electric vector of linearly polarized light from vertical line.
Computational Details
Calculations were performed using the B3LYP, M052X, and M062X density functional (DFT) methods implemented in the GAUSSIAN 09 [40] program package using the Quipu computer of the Computational Center at the Complutense University of Madrid. The standard parameters of the UNIX version of this package were used. The DFT methods are the most adequate because they provide a compromise between the desired chemical accuracy and the heavy demands placed on the computer time and power. In addition, DFT methods have been used satisfactorily in many studies [41] [42] [43] [44] [45] . The B3LYP DFT method was chosen because several studies have shown that the data obtained using this method are in good agreement with those obtained using other costly computational methods (such as MP2), and it predicts vibrational wavenumbers better than HF and MP2 methods [46] [47] [48] [49] [50] . The M052X and M062X methods are members of the M05 and M06 family of DFT methods recently developed by Zhao, Truhlar, and Schultz, which were designed to yield broad applicability in the field of chemistry [51] .
Several basis sets were used, starting from 6-31G(d,p) to 6-311++G(3df,pd). The 6-31G(d,p) set represents a compromise between the accuracy and computational cost; thus, it was the base set selected as the reference for all of the calculations. The Berny optimization algorithm was used under the TIGHT convergence criterion. Conformational equilibrium at 298.15 K was evaluated by means of the Boltzmann distribution. The natural NBO procedure was employed for the determination of the atomic charges [52, 53] .
Wavenumber calculations were performed on all optimized conformers to confirm the stationary points as local minima on the potential energy landscape and to calculate Gibbs energies G as the sum of the electronic and thermal free energies. These were performed at the same level as the respective optimization process and by analytical evaluation of the second derivative of the energy with respect to nuclear displacement. The absence of imaginary wavenumbers confirmed the optimized conformations to be local minima. Relative energies were obtained by adding zero-point vibrational energies (ZPEs) to the total energy. For the calculation of ZPEs, the wavenumbers were retained unscaled.
RESULTS AND DISCUSSION
Geometry Optimization of AZ Molecule. Isolated State
The optimized bond lengths, bond angles, and torsional angles calculated in the cis and trans orientation of AZ at the B3LYP/6-31G(d,p) and B3lYP/6-311+G(2d,p) levels are listed in Table 1 , while the labeling of the atoms is plotted in Figure 1 . Because of the symmetry of the molecule, only the values for one side of the structure are provided in Table 1 . The computed values with the two basis sets were, in general, very close and were in accordance with the data reported for related molecules. The differences were in accordance with the average error of this method. These values for the isolated state are in agreement with previous theoretical [54] and experimental results obtained by electron diffraction [55] .
In the trans orientation, the structure is fully planar, and all the torsional angles are 0° or 180°. Both benzene rings are independent, and one ring has no influence on the other in the planarity of the structure. However, the nitrogen atom attached to C6 has a noticeable influence on the aromaticity of the ring. The nitrogen atom withdraws negative charge on the C6 atom and thus changes it to a positive value, 0.093 e (where e is the charge of an electron) with the 6-311+G(2d,p) basis set (on C3, it is 0.185 e ) ( Table  2) . This leads to a shortening of C1-C2 and C4-C5 e.g. a slight quinonoided characteristic on the benzene ring. This effect has also been observed in the aniline molecule [56] . The nitrogen atom also affects the C1-C6 length, which is slightly longer (0.005 Å) than the C5-C6 length. Because of the short N=N bond, the C-N bond length is slightly longer than that found in the aniline molecule: at the B3LYP/6-31G(d,p) level, 1.419 Å vs. 1.398 Å in aniline [56] . With a longer C-N bond, the effect of the nitrogen atom on the ipso angle C-C2-C is smaller than that in the aniline molecule: 120.4° vs. 118.6° in aniline. Because of the symmetry of the structure, the dipole moment is 0.0 (Table 3) .
However, in the cis orientation, there is a strong repulsion of both the rings. Thus, the structure is not planar, with one ring being almost perpendicular to the other. The repulsion is so strong that the atoms of both benzene rings appear with slight out-of-planarity ( Table  1) . It is noted that the torsional angles of the ring appear to be more easily deformed by this repulsion than the CCC angles, which are very close to those in the trans orientation. The C1-C2 and C4-C5 bond lengths are also shorter than the remaining C-C bonds; however, the difference is very small e.g. the aromaticity of the benzene ring is very small. The nitrogen atom withdraws less negative charge on C6 e.g. the C-N length appears to be longer than that in the trans form: 1.435 Å vs. 1.419 Å for the trans form. Because of this lengthening, the nitrogen atoms can be more strongly bonded: 1.241 Å vs. 1.251 Å for the trans form. All these features indicate the high flexibility of the molecule. Because of the asymmetry of the structure, the dipole moment is markedly increased, by up to 3.215 D, from the trans cis isomerization ( Table 3) .
PMMA Films
We also simulated the interaction of trans-AZ in PMMA films using a simplified model with two sets of PMMA (n = 5) (Figure 1b) and its full optimization.
Only two very weak C-H O H-bonds and a C-H N interaction appear between PMMA and AZ, leading to the rotation of both benzene ring planes to an angle of 37.6°. The effect of PMMA in the bond lengths of AZ is small, with changes lower than 0.005 Å. However, it is very large in the C1-C6-N angle ( Table 1) .
Wavenumber Calculation of AZ Molecule
The AZ molecules and their derivatives have been the subject of many experimental studies using IR and Raman spectroscopic techniques [54, [57] [58] [59] [60] . However, they have not been as accurately assigned as in the present study (Table S1 ). Moreover, we have reassigned several bands. In addition, the analysis of AZ in PMMA films has not yet been reported; thus, we present a discussion of such an analysis. The simulation of the vibrational spectra is based on DFT calculations and accurate scaling.
The calculated wave numbers in the AZ molecule were improved using the linear scaling equation procedure (LSEP). For this purpose, a scaling equation was determined in the benzene molecule at the same level as that in the AZ: Figures 2 and 3 show the simulated scaled IR spectra. Other scaling procedures can be performed, but they appear less accurate than LSEP [48, 49] . Table S1 gives the theoretical and scaled wavenumbers obtained by IR and Raman (calculated for comparison) spectroscopy for the trans form, while Table S2 refers to the cis form. The first column lists, in increasing order, the calculated wavenumbers at the B3LYP/6-31G(d,p) level, while the second column shows their respective relative (%) IR intensities (A), and the third column shows their relative Raman scattering activities (S). The relative IR and Raman intensities were obtained by normalizing the computed values to the intensity of the strongest line. The fourth to tenth columns show the calculated values at the B3LYP/6-311+G(2d,p) level. The reduced masses (μ) (seventh column), force constant of each vibration (f) (eighth column), Raman depolarization ratios for plane (P) (ninth column), and unpolarized incident light (U) (tenth column) are also shown. Columns 11 and 12 correspond to the scaled values from the scaling equation with the two basis sets. Two wavenumbers have been characterized from each ring mode corresponding to the two phenyl rings (with the exception of modes 1 and 10b). These values can be directly compared to the experimental IR bands. In the last column, the characterization for each calculated wavenumber determined in the ring and substituent modes is shown. Assignment of the ring modes followed the Varsanyi notation [61] for a monosubstituted benzene.
For our simulated model, analysis and assignment of the computed values of AZ in PMMA films were also performed. Table  S1 shows the vibrations corresponding to AZ in this system. These were identified from the 546 frequencies calculated for the system. The simulated scaled IR spectrum with these frequencies is included in Figures 2 and 3 , in addition to others in which there appears to be a noticeable % contribution of the modes of AZ. The last column of Table S1 shows the calculated frequency shift of AZ in the simulated PMMA film. As observed, few modes appear to be coupled between AZ and PMMA i.e. the interaction between them is weak and has little influence on the frequency values.
Metal Complexes (with AZ in PMMA Films)
Electron-withdrawing Br atoms are bonded as substituents in two phenyl rings. Figures 4-6 show the The experimental and scaled IR spectra are shown in Figures S6-S8 . Because of the IR intensity depending of many factors not considered in the theory, this comparison must be performed on the frequency values. A summary of the most intense IR bands is provided in Tables S3-S5 . In general, the scaled wavenumbers appear very close to the experimental data, with errors less than 2%. Moreover, the three DFT methods show similar results i.e. the simulated structure and the assignment seem to be correct. Small differences are observed in the experimental IR spectra of the complexes with Ni, Cu, and Zn e.g. the influence of the metal in the structure of each individual fragment is small. The differences observed experimentally are markedly smaller than those determined theoretically in the isolated state, indicating that the Nujol solution perhaps reduces the molecular flexibility and special distribution of the fragments in these complexes to a simpler form. Only the spectrum of the complex with Zn shows some significant difference. This is confirmed by the similar wavenumber observed for the (C-N) mode, corresponding to the complexes with Ni (1629 cm With regard to the molecular structure of the Ni complex (Figures 4 and S3) , all the carbon and nitrogen atoms bonded to the Ni atom are in-plane, with values of O-Ni-O = 177.4° and N-Ni-N = 178.9° Contributing to the asymmetry of the molecule are three weak contacts/H-bonds: H8 Br (2.546 Å with B3LYP), O33 H5 (2.053 Å), and O32 H58 (2.068 Å), observed as a violet color at the B3LYP/6-31G(d,p) level in Figure 4 . Consequently, the O33-Ni bond is slightly shorter than the O32-Ni bond, and the N44-Ni bond is slightly longer than the N1-Ni bond. In the middle IR spectrum, the bands with the highest intensity correspond to C-N stretching. The shortest bonds are C=N, and these correspond to C64-N44 Through the analysis of the molecular structure of these complexes in the isolated state, we have not observed any particular difference that would give rise to a flexible structure for Ni and Cu and a rigid complex for Zn. The only special characteristic of the Zn complex is the high out-of-planarity of the structure.
Perhaps, this out-of-planarity leads to high molecular interactions (H-bonds) with neighboring molecules, leading to a rigid complex. This complex with Zn is also more open, with a larger Br30…Br43 distance (14.8 Å by B3LYP) than that in the Ni complex (14.4 Å) and in the Cu complex (13.9 Å).
Low-lying molecular vibrations have been studied by several authors [63] [64] [65] , and their presence indicates a high flexibility in the molecular structure, which may be caused by various factors. Twenty-nine frequencies below 200 cm 1 were found in the complex with Cu, corroborating its high flexibility, while in the complex with Zn, 28 were found and in the complex with Ni, 26 were found. A first group of these vibrations includes those that represent the motion of the different rings with respect to each other as almost rigid subsystems, while a second group involves their intramolecular deformation.
Linearly Polarized UV Light-Induced Optical Anisotropy Figure 7 shows polarized UV-vis spectra before and after linearly polarized UV light irradiation for 10 min at 45° and circular diagrams of the angular dependence of absorbance at -* (318 nm), n-* (440 nm), and dd bands in polarized UV-vis spectra before and after linearly polarized UV light irradiation (0.5, 1, 3, 5, and 10 min). At the d-d band (Ni: 595 nm, Cu: 625 nm), increases in optical anisotropy were observed. These results suggest that both AZ and the complexes were oriented by linearly polarized UV light irradiation. Assignment of spectral peaks was in agreement with the analogous compounds [26, 28, 38, 39] . As listed in Tables 4 and 5 , the -* and n-* bands of AZ were directly changed by the Weigert effect, while the d-d bands of Ni or Cu were changed by supramolecular interaction in the PMMA matrix. However, Zn did not exhibit d-d bands because of d 10 configuration of the Zn(II) center [22] .
In the PMMA hybrid materials, the 10-min R values due to the d-d bands of Ni and Cu are 5.6838 and 1.5286 for Ni + AZ + PMMA and Cu + AZ + PMMA, respectively. Focusing on the common -* bands of AZ around 318 nm, the 10-min R values are 1.0139, 1.0037, and 0.9338 for Ni, Cu, and Zn + AZ + PMMA, respectively. According to Table 6 , the degree of freedom may be caused by intermolecular interaction of non-contacted molecules of AZ and Ni, Cu, or Zn. Similar behavior was observed for the S values, as summarized in Table 5 . In general, looseness of data is mainly attributed to AZ degradation [23] .
To allow for selective observation of contained components (AZ or complexes) in hybrid materials (in other words, direct proof of supramolecular interaction from the Weigert effect to the optical anisotropy of complexes), polarized IR spectra (Figure 8) were measured, in which C=N bands of metal complexes were used as a probe to detect each component separately. Tables 6 and 7 This also suggests that re-orientation of the complexes due to the Weigert effect of AZ depends on the flexibility of the coordination environment produced by the metal ions [28] and the overall planarity of the ligands or molecules.
Interpretation of the Molecular Orientation
According to our findings, we can examine the orientation of each molecule. Initially, we discuss the orientation of AZ on the basis of the results of the polarized UV-vis spectra. As shown in Figure 9 , when linearly polarized UV light vibrating (having an electric vector) in the 0° direction was irradiated onto the hybrid materials, the intensity of the -* band in the 90° direction became stronger because of the Weigert effect, which is parallel to the transition dipole moment (long molecular axis) of cis-AZ [34, 38, 39] . Therefore, N=N bonds of AZ are expected to be oriented perpendicular to the irradiated polarized light.
As shown in Figure 10 , when polarized UV light vibrating in the 0° direction was irradiated onto the hybrid materials, the IR intensity of the N=N band in the 90° direction became stronger because of an allowed transition, which is parallel to the transition dipole moment (long molecular axis) of cis-AZ. The N=N bonds of cis-AZ are expected to be oriented parallel to the 90° polarized IR by the vibration mode of the N=N stretching vibration; this has been discussed on the basis of TD-DFT theoretical calculations.
Next, we discuss orientation of the complexes. Because the C=N bond also has a strong absorption at 90° in the polarized IR spectra, this bond is considered to be oriented parallel to 90°. In other words, the C=N bond of complexes and N=N bond of AZ are aligned in a parallel fashion after linearly polarized light irradiation (Figure 11 ).
Here we consider the driving force that leads to complexes becoming oriented. If complexes are directly oriented because of the Weigert effect by polarized UV light irradiation, the dipole moment of the complexes should be perpendicular to the irradiated polarized UV light (electric vector). According to the molecular shape (long molecular axis) of the complexes, the dipole moment of the complex must be vertical to the electric vector; in other words, the C=N bonds of the complex are not parallel to the N=N bond in AZ. Consequently, the mechanism of light-induced molecular orientation of the complexes was not directly because of the Weigert effect but because of supramolecular transmission from the re-orientation of AZ [33] . 
Circularly Polarized UV Light-Induced Chiral Supramolecular Arrangement
We also attempted to induce helical orientation by the irradiation of circularly polarized light onto the hybrid materials. Figure 12 depicts the CD spectra before and after circularly polarized UV light irradiation and their difference spectra. After irradiation for 10 min, new CD peaks appeared at 330 nm. Because complexes do not have peaks in the CD spectra (or UV-vis spectra) in this region [38, 39] , this suggests that supramolecular chiral arrangements were induced [66] .
CONCLUSION
We have prepared organic/inorganic hybrid materials (Ni + AZ + PMMA, Cu + AZ + PMMA, and Zn + AZ + PMMA) and investigated their light-induced supramolecular orientation using experiments and theoretical calculations. Irradiation of the hybrid materials with linearly polarized light resulted in increased optical anisotropy in each case. Anisotropy of Ni + AZ + PMMA was increased most markedly. After irradiation with circularly polarized light, new CD peaks emerged, and these were attributed to an induced helical orientation. We could individually observe the molecular orientation of AZ and complexes by polarized IR measurement. We found a parallel arrangement of N=N (AZ) and C=N (complexes) bands, which is perpendicular to the electric vector of the irradiated light. This is proof of supramolecular orientation of complexes with transmission from the reorientation of AZ, which is directly rotated by the Weigert effect. The development of other systems for polymer matrices such as proteins [67] for new photofunctional materials is in progress.
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